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Abstract. The total ethanol production in the United States became over 9 billion gallons/year in 
2007. Only about 3% of this is used in producing food-grade alcohol, but this represents a higher 
value product.  The ethanol production process includes corn milling, cooking, saccharification, 
fermentation, and separation by distillation. To achieve industrial and food-grade quality, additional 
purification is required. Impurities in ethanol could threaten human health and cause unpleasant 
flavors. This purification is currently achieved by further distillation. Further distillation is costly and 
not totally effective in removing all impurities.  We have tested an advanced approach to purify 
ethanol by using ozone, activated carbon, and carbon dioxide. In previous research, we have shown 
that ozone can remove several undesirable compounds that remain in ethanol after distillation. Also, 
additional treatment with activated carbon can adsorb ozonolysis byproducts and some non-
oxidizable compounds. In this study, we have focused on method development for analysis of volatile 
by-products using solid phase microextraction (SPME) of headspace volatiles and gas 
chromatography-mass spectrometry (GC-MS). We have also determined which of the mechanisms 
(ozonation, gas stripping, and activated carbon treatment) is responsible for removal of impurities. To 
date, we have confirmed up to 100% reduction of particular impurities by ozonation alone, but 
additional removal of some compounds occurs through gas stripping and GAC adsorption. The cost 
of the proposed treatment process is expected to be below 0.02 dollars per gallon. It is much lower 
than the cost of additional distillation, ca. 0.30 dollars per gallon.  
 
Keywords. Activated carbon, alcohol, ethanol, gas stripping, GC-MS, ozone, purification, volatile by-
products  
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Introduction 
The total ethanol production in the United States became 9 billion gallons/year in 2007. Only 
about 3% of this is used in producing food-grade alcohol, but this represents a higher value 
product.  The ethanol production process includes corn milling, cooking, saccharification, 
fermentation, and separation by distillation. To achieve industrial and food-grade quality, 
additional purification is required. Impurities in ethanol could threaten human health and cause 
unpleasant flavors.  
Volatile by-products of ethanol fermentation are mainly concerned as ethanol impurities. They 
are hardly removed by distillation, and some of them are undesirable from the standpoint of 
health, flavor, or both of them (Polychroniadou et al., 2003). These volatile by-products include 
aldehydes, acids, alcohols, cyclic/heterocyclic compounds, and esters. 
Solid phase microextraction (SPME) is an advanced sampling technique. The advantages of 
SPME can be listed as follows: 1. easy handling, 2. simultaneous sampling and pre-
concentration, 3. no or less sampling preparation, and 4. no carry-over (Pawliszyn, 1997). The 
difficulties of analysis of volatile by-products in ethanol samples are that the concentrations of 
volatile by-products are relatively low, and ethanol solvent often interrupts the analysis of these 
low amount compounds. SPME has a potential to overcome these difficulties. 
Purification of ethanol is currently achieved by further distillation (Cortella and Porto, 2003). 
Distillation is a separation technique to separate compounds utilizing the differences of 
volatilities. Although distillation is one of the most effective separation and purification 
techniques, it includes several disadvantages. Firstly, distillation requires multiple vaporization 
and condensation, so it is cost intensive. Secondly, distillation utilizes the volatility difference 
among compounds. Thus, there is a limitation to separate compounds with similar volatility. This 
could be problematic in separation of volatile by-products of ethanol fermentation. 
There are various kinds of purification techniques for water/wastewater treatments although only 
distillation is used for purification in the ethanol industry. Ozonation is a possible purification 
technique which could cover the disadvantages of distillation. Ozone oxidizes compounds using 
its strong oxidation potential resulting in the change in chemical and/or physical properties of 
compounds such as increases in volatility, biodegradability, and a decrease in toxicity (Agustina 
et al., 2005). The properties of Ozonation, no effect by volatilities of compounds and under-
atmospheric operation, could compensate the shortcomings of distillation (Langlais et al.,1991).  
Ozonation often require post-ozonation treatments since some compounds are not oxidizable or 
oxidation by ozone could produce new compounds, ozonolysis by-products. Ozonation is often 
coupled with activated carbon treatment to remove non-oxidizable compounds and ozonolysis 
by-products (Kurniawan et al., 2006). Activated carbon is an adsorbent with high specific 
surface area. Its wide pore distribution enables it to adsorb various sizes of particles on it, and 
its non-polar surface avoid significant loss of ethanol (Bansal et al., 1988). 
Gas stripping is another possibility as a post-ozonation treatment. Although activated carbon 
adsorption is an effective purification technique, small and polar particles are less absorbable on 
it. Acetaldehyde and condensation products of acetaldehyde and ethanol are ones of the most 
significant volatile by-products since acetaldehyde is an intermediate product of ethanol 
fermentation and also oxide of ethanol. Ozone and activated carbon hardly remove 
acetaldehyde, but it could be removed by gas stripping utilizing its high volatility. Carbon dioxide 
can be used as the stripping gas since it is a by-product of fermentation and its high solubility 
could reduce solubility of other components in ethanol samples. 
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The purpose of this study is to develop ethanol analysis method using SPME-GC to detect low 
concentration volatile by-products of ethanol fermentation and to develop ethanol purification 
techniques which takes place of distillation. Ozonation, activated carbon adsorption, and carbon 
dioxide stripping were examined as advanced purification techniques of ethanol. More sensitive 
analytical technique and more cost effective and efficient purification techniques will improve the 
value of ethanol products. 
2. Experimental and methods 
2.1 Analytical method development 
Solid phase microextraction-gas chromatography-mass spectrometry (SPME-GC-MS) was used 
for analysis of all samples. Firstly, direct injection and SMPE were compared to confirm the 
advantage of SPME.  
Continuously, a proper SPME fiber coating was chosen from four different kinds of coatings 
including Carboxen/PDMS 85 µm, PDMS 100 µm, polyaclyrate (PA) 85 µm, and PDMS-DVB 65 
µm. A proper fiber coating was chosen based on the number and the amount of compounds 
extracted by each fiber. 
High ethanol concentration was expected to affect on the extraction efficiency of a fiber. 
Different ethanol concentrations were investigated to determine the proper ethanol 
concentration for SPME. 
2.2 Ozonation 
Two hundreds industrial ethanol sample was transferred to a washer bottle. Forty mg/L of ozone 
was passed through the ethanol sample with the flow rate of 500 mL/min. The sample was 
diluted after treatment and transferred to 20 mL umber glass vials and analyzed by the 
developed method with SPME-GC-MS equipped with an auto sampler. 
2.3 Activated carbon adsorption 
Fifty mL of the ozonated sample was transferred to a flask, and 1 g of activated carbon was 
added to the flask. The flask was agitated with the agitation speed of 220 rpm for 270 min. The 
sample was diluted after treatment and transferred to 20 mL umber glass vials and analyzed by 
the developed method with SPME-GC-MS equipped with an auto sampler. 
2.4 Carbon dioxide stripping 
Carbon dioxide gas was passed through the industrial ethanol sample after ozonation 
continuously. The flow rate of 500 mL/min and the stripping time of 270 min were chosen. The 
sample was diluted after treatment and transferred to 20 mL umber glass vials and analyzed by 
the developed method with SPME-GC-MS equipped with an auto sampler. 
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3. Results and discussion 
3.1 Analytical method development 
3.1.1 SPME vs. direct injection 
Two different sample preparation and injection techniques were compared. SPME condition was 
as follows: Carboxen/PDMS 85 µm fiber, 10 min agitation with 750 rpm, extraction temperature 
40 °C, extraction time 20 sec, splitless mode, ethanol concentration 10 %. Direct injection 
condition was as follows: 1 µL injection, splitless mode, ethanol concentration 80 %. The typical 
GC chromatograms of industrial ethanol using SPME and direct injection are shown in figure 1.  
More peaks were observed from SPME. SPME fiber concentrated high molecular weight 
compounds, whose concentration is too low to detect with direct injection. Also, SPME 
successfully avoided providing large peaks which made difficult to identify and quantify the 
peaks next to the large peak.  
In terms of number of peaks and separation of each peak, SPME was more advantageous than 
direct injection. The rest of experiment was done with SPME. 
 
 
 
Figure 1. Typical GC chromatograms of industrial ethanol using SPME and direct injection 
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3.1.2 SPME fiber coating selection 
Four different SPME fiber coating were examined to choose a proper fiber coating for ethanol 
analysis. Carboxen/PDMS 85 µm, PDMS 100 µm, polyaclyrate (PA) 85 µm, and PDMS-DVB 65 
µm were used for this comparison. A proper fiber coating was chosen based on the number and 
the amount of compounds extracted by each fiber. SPME condition was as follows: 10 min 
agitation with 750 rpm, extraction temperature 40 °C, extraction time 20 sec, splitless mode, 
ethanol concentration 10 %. The typical GC chromatograms of industrial ethanol using four 
different SPME fiber coatings are shown in figure 2. 
For high molecular weight compounds (long retention time peaks), PDMS and PDMS-DVB were 
more sensitive than the other 2 coatings. For low molecular weight compounds (short retention 
time peaks), DVB-PDMS and Carboxen/PDMS were sensitive than the other two coatings. Only 
Carboxen/PDMS extracted acetaldehyde (retention time of 1.5 min).  
From the GC chromatograms of industrial ethanol using four different SPME fiber coatings, 
Carboxen/PDMS was a proper fiber for industrial ethanol analysis. Acetaldehyde is one of the 
major volatile by-products of ethanol fermentation, and therefore, the removal of acetaldehyde is 
important. Carboxen/PDMS was the only one fiber which could extract a significant amount of 
acetaldehyde from industrial ethanol sample. 
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Figure 2. Typical GC chromatograms of industrial ethanol using four different SPME fiber 
coatings 
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3.1.3 Ethanol dilution ratio 
It was expected that the high ethanol concentration saturated the SPME fiber coating and 
lessened the extraction efficiency of the SPME fiber. The effect of different ethanol 
concentrations on the extraction efficiency of a SPME fiber was examined. SPME condition was 
as follows: Carboxen/PDMS 85 µm fiber, 10 min agitation with 750 rpm, extraction temperature 
40 °C, extraction time 20 sec, splitless mode. The typical GC chromatograms of different 
concentration industrial ethanol samples are shown in figure 3. 
The peak area count of high molecular weight compounds (large retention time) increased with 
a decrease in the ethanol concentration. High concentration ethanol occupied the fiber coating 
before high molecular weight compounds, i.e. low diffusion compounds, were adsorbed on the 
SPME fiber. Although the effect of ethanol decreases with dilution, it was also observed that the 
peak area count decreased with 2.83 %, v/v, ethanol. The concentration of components simply 
decreased with high dilution ratio.  From figure 3, 8.5 % ethanol contents provided the most 
effective extraction of components in the industrial ethanol sample by a Carbonxen/PDMS 
SPME fiber.  
From the GC chromatograms of different concentration industrial ethanol samples, 8.5 % 
ethanol concentration maximized the SPME extraction efficiency. Ten % ethanol concentration 
was chosen for the rest of the experiment to maximize the extraction efficiency and to simplify 
the sample preparation procedure. 
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Figure 3. Typical GC chromatograms of different concentration industrial ethanol samples 
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3.2 Ozonation 
Forty mg/L of ozone was passed through the ethanol sample with the flow rate of 500 mL/min. 
The treated sample was analyzed by the developed method. SPME condition was as follows: 
Carboxen/PDMS 85 µm fiber, 10 min agitation with 750 rpm, extraction temperature 40 °C, 
extraction time 20 sec, splitless mode, ethanol concentration 10 %. The typical GC 
chromatograms of industrial ethanol samples of before and after ozonation are shown in figure 
4. 
The peaks of styrene and 2-pentylfuran were completely disappeared after 40 mg/L ozonation. 
There was no significant effect on the other impurities, and any significant generation of 
ozonolysis by-products were not observed. 
From the GC chromatograms of industrial ethanol samples of before and after ozonation, cyclic 
and heterocyclic compounds, styrene and 2-pentylfuran, were almost completely removed 
(undetectable). Ozone could remove cyclic and heterocyclic compounds from ethanol without 
significant damage or contamination on the ethanol sample itself. 
 
 
 
Figure 4. Typical GC chromatograms of industrial ethanol samples (Ozonation) 
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3.3 Post-ozonation treatments 
3.3.1 Activated carbon adsorption 
One g of activated carbon was added to the flask with 50mL of ozonated sample. The flask was 
agitated with the agitation speed of 220 rpm for 270 min. The treated sample was analyzed by 
the developed method. SPME condition was as follows: Carboxen/PDMS 85 µm fiber, 10 min 
agitation with 750 rpm, extraction temperature 40 °C, extraction time 20 sec, splitless mode, 
ethanol concentration 10 %. The typical GC chromatograms of industrial ethanol samples of 
before and after activated carbon adsorption is shown in figure 5. 
The most of the peaks with long retention time were removed after activated carbon adsorption. 
The absorbability of bigger particles, i.e. high molecular weight and long retention time 
compounds, are bigger than smaller particles. Thus, bigger particles are removed after activated 
carbon treatment. The three ethyl esters, ethyl hexanoate, ethyl octanoate, and ethyl hexaoate 
were significant impurities in the industrial ethanol sample. Although the peaks of these ethyl 
esters are significantly large in the industrial ethanol sample, they were almost completely 
removed by activated carbon. 
From the GC chromatograms of industrial ethanol samples of before and after activated carbon 
adsorption, bigger particles were almost completely removed (undetectable). Although the 
concentrations of the three ethyl esters, ethyl hexanoate, ethyl octanoate, and ethyl hexaoate, 
were significant, activated carbon successfully removed them almost completely. Activated 
carbon could remove ethyl ester compounds from ethanol. 
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Figure 5. Typical GC chromatograms of industrial ethanol samples (Activated carbon 
adsorption) 
3.3.2 Carbon dioxide stripping 
Carbon dioxide gas was passed through the industrial ethanol sample after ozonation 
continuously. The flow rate of 500 mL/min and the stripping time of 270 min were chosen. The 
treated sample was analyzed by the developed method. SPME condition was as follows: 
Carboxen/PDMS 85 µm fiber, 10 min agitation with 750 rpm, extraction temperature 40 °C, 
extraction time 20 sec, splitless mode, ethanol concentration 10 %. The typical GC 
chromatograms of industrial ethanol samples of before and after carbon dioxide stripping is 
shown in figure 6. 
Carbon dioxide stripping removed basically high volatile compounds, i.e. compounds with short 
retention times. There were three compounds with short retention times in the industrial ethanol 
sample, acetaldehyde, ethyl vinyl ether, and 1,1-diethoxyethane. Acetaldehyde is an 
intermediate compound of ethanol fermentation and an oxide of ethanol. Thus, high 
concentration of acetaldehyde is expected in any kind of ethanol sample. Ethyl vinyl ether and 
1,1-diethoxyethane are condensation products of acetaldehyde and ethanol. Thus, certain 
amount of these compounds is also expected in ethanol samples. From figure 6, significant 
decreases in peak area counts of acetaldehyde and two condensation products were observed. 
The first peak which increased after carbon dioxide stripping is the peak of carbon dioxide.  
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From the GC chromatograms of industrial ethanol samples of before and after carbon dioxide 
stripping, high volatile compounds, acetaldehyde, ethyl vinyl ether, and 1,1-diethoxyethane, 
were removed by carbon dioxide stripping. Carbon dioxide stripping could remove acetaldehyde 
and condensation products of acetaldehyde and ethanol from ethanol. 
 
 
 
Figure 6. Typical GC chromatograms of industrial ethanol samples (Carbon dioxide stripping) 
4. Conclusion 
The following conclusions can be drawn form this research: 
i. Solid phase microextraction (SPME) has advantage on the ethanol analysis over direct 
injection. 
ii. Carboxen/Polydimethylsiloxane is the best SPME fiber coating on the ethanol analysis, 
especially, when acetaldehyde is one of the most important impurities. 
iii. 8.5 % ethanol concentration is the best ethanol concentration to maximize the extraction 
efficiency of impurities in ethanol samples. The effect of ethanol becomes stronger with 
higher ethanol concentration, and the concentration of impurities become too small with 
lower ethanol concentration. 
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iv. Ozone removes cyclic and heterocyclic compounds (styrene and 2-pentyfuran) 
effectively from ethanol. 
v. Activated carbon removes ethyl esters (ethyl hexanoate, ethyl octanoate, and ethyl 
decanoate) effectively from ethanol. 
vi. Carbon dioxide stripping removes high volatile compounds (acetaldehyde, ethyl vinyl 
ether, and 1,1-diethoxyethane) effectively from ethanol. 
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